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The effect of x-rays on an orbital and charge ordered epitaxial film of a Pr0.5Ca0.5MnO3 is
presented. As the film is exposed to x-rays, the antiferromagnetic response increases and concomi-
tantly the conductivity of the film improve. These results are discussed in terms of a persistent
x-ray induced doping, leading to a modification of the magnetic structure. This effect allows writing
electronic and magnetic domains in the film and represents a novel way of manipulating magnetism.
Many interesting electronic and magnetic phenomena
occur in transition metal oxides, such as colossal magne-
toresistance, superconductivity and metal-insulator tran-
sitions. These phenomena result from the intimate in-
terplay between charge, orbital, and magnetic degrees
of freedom, and their coupling to structural distortions.
Such complex interactions lead to rich phase diagrams
and the tuning of electronic properties close to phase
boundaries [1].
In manganites, the entangled charge, orbital and mag-
netic degrees of freedom lead to a variety of phases
and instabilities at its boundaries. Temperature, elec-
tric and magnetic fields, and electromagnetic radiation
can change the electronic properties. In particular it has
been shown that electromagnetic radiation can be used
to manipulate the electronic and structural properties
of perovskite type manganites. On the ultra fast time
scale, terahertz pulses can directly excite vibrational ex-
citations leading to a metal-insulator transition [2] where
structural phase transitions can be induced by optical
pulses [3]. In certain compositions these transitions can
be persistent [4]. However in most cases, changes oc-
cur as a direct consequence of the pulse and responses
are not permanent. A permanent phase change can be
induced by x-rays. It has been shown that hard x-ray
exposure can destroy the crystallographic superstructure
of the charge and orbital ordered phase at low tempera-
tures for Pr1−xCaxMnO3 for x close to the ferromagnetic
insulating phase boundary [5]. Similar effects were also
observed via electron radiation [6]. More generally, it is
well known that x-ray diffraction can easily break bonds
and destroy crystal structure, a significant drawback e.g.
in protein crystallography [7].
Pr1−xCaxMnO3, 0.3≤x≤0.5, is a bandwidth controlled
insulator with a CE-type charge and orbital order, form-
ing zig-zag chains in the planes [8]. For x=0.5 the mag-
netic moments are antiferromagnetically ordered and lie
fully in the ab-plane, Fig.1(a). By lowering the dop-
ing level x, the moments rotate out of the plane and,
around x=0.3, the system transforms into a ferromag-
netic insulator [9]. To manipulate the magnetic state of
the Pr0.5Ca0.5MnO3 thin film and measure its response,
we use Resonant X-ray Diffraction (RXD) at the Mn edge
2p3/2-3d L3 transition. RXD is a very sensitive tool to
study the magnetic and orbital order and has been al-
ready used extensively to study this thin film [10] and
other doped PrMnO3 perovskites [11] - [13].
An epitaxial thin film of Pr0.5Ca0.5MnO3 was de-
posited onto an (LaAlO3)0.3-(SrAl0.5Ta0.5O3)0.7 sub-
strate with (0 1 1) direction normal to the surface by
Pulsed Laser Deposition (PLD). These experiments were
performed at the Swiss Light Source, Paul Scherrer Insti-
tut, using the RESOXS-endstation [14] at the SIM beam-
line [15]. Gold contacts spaced 700 µm apart were de-
posited on the Pr0.5Ca0.5MnO3 film’s surface with a 100
µm gap between the electrodes to record the electrical
2FIG. 1. Pictorial view of the x-ray induced electron dop-
ing with canting of the manganese magnetic moments of
Pr1−xCaxMnO3, 0.4≤x≤0.5, and corresponding changes in
the magnetic structure.
FIG. 2. X-ray exposure dependence of the (1/4 1/4 0) re-
flection (left hand-side axis, black curve) and in-situ collected
electrical conductivity (right hand-side axis, red curve) of epi-
taxial Pr0.5Ca0.5MnO3 thin film at T=50 K. The energy of
the X-ray beam was tuned to the resonance of Mn L3 edge
(642.5 eV) with incoming pi polarization.
conductivity. An x-ray beam of size 100x50 µm (∼ 6x1012
photons/s) was centered into the gap, to simultaneously
expose and collect the diffracted Bragg intensities. The
in-situ electrical conductivity between the electrodes was
collected without x-rays impinging on the sample). More
details about the measurement protocol are given in the
supplementary information.
In Fig.2 we present the dependence of the orbital and
magnetic (1/4 1/4 0) Bragg peak intensity and the con-
ductivity on x-ray exposure. The polarization of the in-
cident beam was set in the scattering plane, so called
pi-geometry, with an incident x-ray energy of 642.5 eV
(consult Supplementary Figure 1 for further detail).
Two remarkable phenomena are observed as a func-
tion of x-ray exposure: first an increase in the conductiv-
ity and second, an enhancement of the magnetic/orbital
Bragg peak intensity. The increase in conductivity might
be expected since past studies showed this effect on
Pr1−xCaxMnO3 for x=0.3, close to the phase boundary
to the ferromagnetic and insulating phase [5]. Surpris-
ingly, the magnetic/orbital (1/4 1/4 0) peak intensity
enhances as a function of x-ray exposure time, in con-
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FIG. 3. Reciprocal space (h -h 0) scan of the (1/4 1/4 0)
reflection for different exposure times and x-ray energy 642.5
eV using incident pi polarization, taken at T=50 K. The max-
imum intensity is normalized to unity. The inset presents
the evolution of the correlation length with respect to x-ray
exposure time.
trast to the suppression of the structural superlattice re-
flection observed in Pr0.7Ca0.3MnO3 [5]. In addition, the
width of the Bragg peak decreases with increasing x-ray
exposure as shown in Fig.3, whilst the integrated inten-
sity still increases (see Supplementary Figure 2). This
directly relates to an increase in the correlation length
of the antiferromagnetic/orbital order (Fig.3 inset). In
other words, the x-ray illumination improves the antifer-
romagnetic and/or orbital order of the system despite its
expected destructive effect on the crystalline structure.
What is the microscopic origin of this unexpected re-
sult? The (1/4 1/4 0) reflection has a magnetic and an
orbital contribution [11, 12]. The orbital scattering of
these reflections is well understood and a signal occurs
only in the rotated (piσ′) and (pi′σ) polarization chan-
nels, each with equal an intensity [16]. Therefore, the
magnetic scattering is on average larger in the pi incident
channel since at resonance the σσ′ channel is forbidden.
As the signal probed with pi polarization is increasing
much stronger than the one probed by σ, we can asso-
ciate the changes to be mainly of magnetic origin (see
Supplementary Figure 5). This view is supported by
the increase in conductivity which actually indicates a
reduction of orbital order and its contribution to this re-
flection. This excludes the possibility of x-ray annealing
since that would improve the orbital order making the
material more insulating.
For the resonant magnetic scattering, dominated by
electric dipole transitions (E1), the magnetic scattering
amplitude can be written as [17],
Fǫǫ′ ∝ -i(ǫ
′
× ǫ) ·Fm (1)
where ǫ′ and ǫ are unit vectors of the incident and
3scattered polarization of the x-rays, respectively and Fm
is the magnetic structure factor.
To obtain quantitative information we should calculate
the magnetic structure factor
Fm=
∑
j
mj e
irjq (2)
where mj is a tensor representing the magnetic mo-
ment at site j identified by rj and q is the wavevec-
tor. Considering the structural phase factors and di-
rection of the moment, e.g. Fm, all contributions of
the (1/4 1/4 0) reflection for the magnetic structure of
Pr1−xCaxMnO3 for x=0.5, Fig.1(a), annihilate (Fm=0).
For the canted structure of the lower doping levels (such
as in Fig.1(b),(c)), the structure factor contains a single
component which is proportional to the magnetic mo-
ment components along the c-axis, Fm=(0,0,Fm), and
only the Mn3+ ions contribute to the magnetic signal.
This indicates that the enhancement of the magnetic
peak intensity arises from the ferromagnetically coupled
c-axis components of the Mn3+ spins in the CE-type an-
tiferromagnet. The calculated value of the ratio between
pi and σ incident polarization Bragg intensities is con-
sistent to the observed ratio for T≤TN (Supplementary
Figure 3) for this model consideration.
The basic mechanisms for the observed increase of the
magnetic moment components along the c-axis has to be
discussed in relation to the observed increase in the con-
ductivity. The increase in conductivity is expected to be
directly related to the creation of defects in the charge
and orbital order. The effect of indirect electric fields on
the sample due to charge can be excluded as the appli-
cation of 10 KV/cm does not lead to an increase in scat-
tering intensity. Such a scenario is consistent with the
previously observed effect on the destruction of the cor-
responding crystallographic superstructure of the x=0.3
compound [5]. The creation of these defects excite deep
donor levels which act as impurities in the material. This
mechanism is quite similar to the behaviour of the DX
centres in III-V semiconductors [18]. The x-ray-induced
deep donor level impurities will be ionized and the cor-
responding electrons excited to the conduction band, re-
sulting in the X-rays photodoping the material. This dop-
ing mimics a decrease in Ca concentration. The strong
coupling of the electrons to the manganite lattice leads to
a metastable state, which includes a local deformation of
the lattice due to the “orbital/charge” defect, consistent
with the fact that when the beam is turned off no recovery
occurs. This doping effect can also naturally explain the
enhancement of the magnetic intensity. Decreasing the
Ca concentration, as well as our photodoping, leads to an
increase in the spin canting in Pr1−xCaxMnO3, as visu-
alized in Fig.1. For these materials, it is well known that
increasing electron doping leads to a more metallic state
since it favours the double exchange interaction allowing
electrons with neighboring parallel spins to hop. In con-
trast, electrons with antiferromagnetic spin alignments
are frozen by the competing superexchange interaction.
The increase of the (1/4 1/4 0) magnetic reflection re-
flects the alignment of the ferromagnetic spin component
at least along the c-axis. The increase of the magnetic
correlation length for increasing X-ray exposure is more
difficult to understand. It may indicate that the phase
transition, between the x=0.5 doping level and the in-
plane antiferromagnetic order to the spin canted struc-
ture, is first order. Increasing the electron doping level
would make then the material being in a single mag-
netic state with larger domain sizes, whereas for x=0.5
both domains may co-exist, leading to smaller “nano”
domains.
In Fig.4 we present the contour plots of the collected
X-ray intensity of the (1/4 1/4 0) reflection by raster-
ing the sample through the beam. For this measurement
we used lower x-ray photon flux (3x1012 photons/s) to
reduce the effect of X-rays on the sample. The low inten-
sity regions seen in Fig.4 are locations where the sample
is expected to be shadowed by the gold contacts and the
indium wires. In order to write magnetic information,
we have exposed two different portions of the sample to
the x-ray beam (indicated by the arrows in Fig.4). A
clear increase of the scattered intensity is observed solely
at the position of the x-ray exposure. After successfully
writing magnetic information and its in-situ observation
we tested the possibility to erase the written informa-
tion. For this purpose we heated the sample above the
orbital order (OO) transition temperature TOO ≃210 K
and rastered the sample again after cooling back to T=50
K, Fig.4(c). An intensity distribution identical to that
before the x-ray exposure was observed, Fig.4(a), indi-
cating a full recovery of the sample to the virgin state.
This is also consistent with the view that the x-ray in-
duced defects are local charge and orbital defects in the
electronic ordering pattern.
Finally, Figure 5(a) displays a mesh scan of the virgin
state of the film, whereas Fig.5(b) shows the same region
now exposed to four different spatially segregated x-ray
flux conditions. The difference between positions (i) and
(ii) represents a change of x-ray flux density by a factor
of two, whereas the differences between (ii), (iii) and (iv),
represent a change of exit slit of the beamline, leading to
an increase in vertical spot size. The time dependence of
the low flux density exposure for position (i) is very dif-
ferent from the others showing clear saturation behavior
after 100 s, Fig.5(c). This indicates that the process of
interaction between the observed canting of the magnetic
moments by x-rays is a strongly non-linear process.
To summarize, in this letter we describe a novel
way to imprint magnetic and electronic information in
strongly correlated manganites. The x-ray illumination
photodopes an epitaxial thin film of Pr0.5Ca0.5MnO3
4FIG. 4. Bragg peak intensity map of the (1/4 1/4 0) reflection
of the Pr0.5Ca0.5MnO3 thin film at T=50 K. Before (a), and
after (b) exposure to the x-rays in the two positions (indicated
by the arrows) for approximately 60 minutes. All experiments
are performed at 50 K with 643.25 eV with pi incident polar-
ization. X-ray exposure effects were erased by warming up
the sample above Too as shown in the pattern collected after
cooling (c).
FIG. 5. Bragg peak intensity map of the (1/4 1/4 0) reflec-
tion of the Pr0.5Ca0.5MnO3 film at T=50 K before (a), and
after (b) exposing with different x-ray conditions (see text)
at four positions indicated by arrows, where in (c) the time
dependence of the x-ray Bragg intensity at these positions
is illustrated. The different curves are shifted to each other
along the vertical axis for clarity. Writing the information in
position (i), 3x1012 photons/s were used with as beam size of
100x50 µm [15]. Position (ii) was exposed to 6x1012 photons/s
where for positions (iii) and (iv) we exposed with 1.2x1013 and
2.14x1013 photons/s, respectively. The vertical spot size var-
ied from 50 (position (i) and (ii)), to 100 (position (iii)), and
200 µm for position (iv).
by creating defects in the magnetic and orbital ordered
state, improving the long range order associated with
the antiferromagnetic state. As a result the manganese
magnetic moments re-align from a collinear antiferromag-
netic structure to a canted structure with ferromagnetic
magnetic components along the c-axis. As x-rays can
be focused down to the sub micro-meter level it could
represent a new way for writing simultaneous magnetic
and electronic information into a material. Moreover, the
strength of changes can be varied by either tuning the x-
ray flux density or by changing the exposure time. This
novel effect is not only interesting in the understanding
of the physics of strongly correlated systems, but it may
also offer a novel route to manipulate magnetism.
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